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In many ostensibly crystalline materials, unit-cell-based descriptions do not always capture the complete
physics of the system due to disruption in long-range order. In the series of cobalt hydroxides studied here,
Co(OH)2−x(Cl)x(H2O)n, magnetic Bragg diffraction reveals a fully compensated Ne´el state, yet the materials
show significant and open magnetization loops. A detailed analysis of the local structure defines the aperiodic
arrangement of cobalt coordination polyhedra. Representation of the structure as a combination of distinct poly-
hedral motifs explains the existence of locally uncompensated moments and provides a quantitative agreement
with bulk magnetic measurements and magnetic Bragg diffraction.
PACS numbers: 75.25.-j, 64.60.Cn, 61.66.Fn
I. INTRODUCTION
Complex magnetic ground states in crystalline materials
frequently derive from the details of the underlying lattices.
In the popular example of insulating compounds where the
magnetic ions arrange themselves with three-fold symme-
tries (e.g. triangular or pyrochlore lattices), geometric frus-
tration of magnetic interactions prevents magnetic ordering
or gives rise to exotic ground states.1 Alternatively, the dilu-
tion of magnetic ions can yield complex magnetic order, since
the translational periodicity of the lattice is necessarily inter-
rupted.
For example, in diluted uniaxial anisotropic antiferromag-
nets, such as Co1−xZnxF2, local uncompensated moments
result from random variations in the exchange interactions
from the non-magnetic impurities.2 Upon zero-field cooling,
neutron diffraction reveals a Ne´el state; however, the ran-
dom fields decrease the diffracted peak intensity from dis-
rupted long-range order (LRO) and field cooling completely
destroys the LRO.3,4 Because these systems show no pref-
erence for chemical or short-range order within a disordered
nuclear unit-cell,4 it is difficult to structurally distinguish the
role of the impurities in establishing the random fields and
microdomains.
The layered antiferromagnet, β-Co(OH)2, contains only
edge-sharing Co2+ octahedra and shows field-induced mag-
netic behavior below 12.3 K.6,7 In the α-cobalt hydroxides
studied here, the layers of edge-sharing octahedra are dis-
rupted by stellating cobalt tetrahedra (Fig. 1). These modified
structures are often referred to as α-Co(OH)2.8 The series of
α-cobalt hydroxide chlorides are described by the chemical
formula Co(OH)2−x(Cl)x(H2O)n, where x = 0.2, 0.3, and 0.4
assumes the tetrahedrally coordinated cobalt content, and n =
1.3, 0.9, and 0.3, respectively.9 We refer to the β-Co(OH)2
compounds as x = 0.
In a traditional unit-cell based description of the structure,
all cobalt site occupancies (g) are reduced (goct = 1−gtet) and
FIG. 1: (Color online) (a) Average structure of layered cobalt hy-
droxide chloride, Co(OH)2−x(Cl)x(H2O)n (dashed line indicates the
unit-cell) indicating the fractionally occupied (partially filled) metal
sites. (b-d) Locally ordered distributions of capping tetrahedral
Co2+, with ratios of 2 Cotet per (b) 3 Cooct, (c) 8 Cooct, and (d) 15
Cooct. From Ref. 5. Pink spheres denote Cooct, green Cotet; oxygen
is orange, chlorine yellow. Hydrogen is omitted for clarity.
randomly averaged [Fig. 1(a)]. Therefore, a local descrip-
tion is needed to locate all of the atom positions and occupan-
cies. From our extensive analysis of the X-ray pair distribu-
tion functions of these compounds,5 the distribution of cobalt
polyhedra is best described by a random combination of struc-
tural motifs [Fig. 1(b-d)]. We propose that chemical short-
range order of the local structure generates complex magnetic
behavior, as in diluted uniaxial anisotropic antiferromagnets.
Here we report magnetic susceptibility measurements to
reveal uncompensated magnetization, yet magnetic neutron
diffraction suggests a periodic Ne´el antiferromagnetic struc-
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2ture. We present a method of assembling local motifs in real
space to microscopically reconcile a quantitative description
of the random distribution of exchange interactions and the
resulting microdomains.
II. EXPERIMENTAL
The experimental samples with x = 0.2, 0.3, and 0.4 were
prepared and characterized as previously described5,9 and ma-
terial with x = 0.0 was purchased from Alfa-Aesar. Magnetic
characterization was performed on powder samples embed-
ded in paraffin wax (melted to 55◦C) using a Quantum Design
MPMS SQUID magnetometer.
The specific heats of Co(OH)2−x(Cl)x(H2O)n for x = 0.2,
0.3, and 0.4 and the non-magnetic analogs Mg(OH)2 and
Zn(OH)1.6Cl0.4H2O0.2 were measured using a semi-adiabatic
technique as implemented in a Quantum Design Physical
Properties Measurement System. All powder samples were
mixed with Ag powder (50 wt%) in an agate mortar and pestle
until homogeneous. Pellets of the mixed powder were pressed
in a die (3 by 9 mm, ∼0.5 mm thickness) at 0.5 tons. The
silver provides mechanical stability to the pellet and improves
thermal conductivity to prevent thermal gradients and increase
the thermal relaxation. Both stage with thermal grease and Ag
calibrations were collected separately before measuring di-
vided pellets (3 by 3 mm, approximately 10 mg), which were
affixed to the sample stage using thermal grease.
A deuterated analog was synthesized from a D2O so-
lution for neutron experiments. Neutron diffraction of
Co(OD)1.6(Cl)0.4(D2O)0.3 was recorded on the HIPD beam-
line at the Lujan Neutron Scattering Center at Los Alamos Na-
tional Laboratory at both 6 K and 300 K. Approximately 1 g of
sample was packed into a vanadium canister. To calculate and
subtract sample absorption using PDFGETN,10 scattering pro-
files of the empty vanadium container, the evacuated chamber,
and a vanadium rod were also collected. All other experimen-
tal details are described in the text where relevant. Experi-
mental uncertainty of reported values (e.g. saturation magne-
tization, entropy) is determined from the sum in quadrature of
fractional uncertainties, with the predominant source of error
originating from determination of the measured sample mass.
III. RESULTS AND DISCUSSION
A. Macroscopic Magnetization
The static magnetic susceptibilities, measured in zero-field
and field-cooling conditions, show a nearly constant Tc with
composition, as determined by the tempearture at which
dχ/dT = 0 (Fig. 2, Table I). The curves for x = 0.2 show two
cusps at approximately 28.4 K and 9.4 K [Fig. 2(a,d)], sug-
gestive of multiple ordering transitions or sublattice compen-
sation points. While the lower temperature maximum is ob-
vious for x = 0.2, there are subtle changes present in the x =
0.3 and 0.4 compounds visible in the AC susceptibility, Fig 3.
All compounds show frequency dependent cusps in the phase
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FIG. 2: (Color online) Field-cooled (FC, filled symbols) and
zero-field cooled (ZFC, open symbols) molar dc susceptibility of
Co(OH)2−x(Cl)x(H2O)n for x = (a) 0.2, (b) 0.3, and (c) 0.4 for at
low temperatures and the temperature derivative of the ZFC curves
(dχ/dT ) for (d) 0.2, (e) 0.3, and (f) 0.4 indicating two cusps for x =
0.2 and an invariant Tc near 24 K. Data acquired under a magnetic
field of 100 Oe.
TABLE I: Curie temperature determined from dχ/dT = 0 and Curie
constants obtained from a linear fit to the Curie-Weiss law from
200 K - 300 K.
x Tc (K) ΘCW (K) C (emu mol−1 Oe−1)
0.0 10.7 14.2 3.1
0.2 24.8, 9.4 31.2 2.0
0.3 23.7 -20.0 2.8
0.4 23.7 -16.9 2.7
near Tc, and again at ∼9 K. The strong frequency dependence
in the dynamic susceptibility is supportive of the freezing of
glassy spins from different sublattices or microdomains.
From the paramagnetic regime (200 K to 300 K), the inverse
susceptibility measured under field cooling is fit to the Curie-
Weiss law, 1/χ= (T−ΘCW)/C, to extract the constants C and
ΘCW (Table I). From data scaled by C and ΘCW,
C
χ|ΘCW| + sgn(ΘCW) =
T
|ΘCW| , (1)
we compare the relative behavior of all four compounds (Fig-
ure 4). The quality of fit to the Curie-Weiss law is noted by
convergence of all data to the ideal Curie-Weiss relationship
(dashed black line) at high temperatures in Figure 4. All of
the cobalt hydroxides show strong deflections from the Curie-
Weiss law at T/|ΘCW| = 1, indicative of a magnetic phase
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FIG. 3: (Color online) Field-cooled frequency dependent amplitude
(filled symbols) and phase (open symbols) from ac susceptibility
measurements of Co(OH)2−x(Cl)x(H2O)n for x = (a) 0.2, (b) 0.3,
and (c) 0.4 for low temperatures. Data were acquired with zero ap-
plied static magnetic field and an alternating field with an amplitude
of 3 Oe.
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FIG. 4: (Color online) Temperature dependent scaled inverse sus-
ceptibility (field-cooled at 100 Oe) of Co(OH)2−x(Cl)x(H2O)n for
x = 0.0, 0.2, 0.3, and 0.4, illustrating positive compensated and
negative uncompensated deviations from ideal Curie-Weiss param-
agnetism.
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FIG. 5: (Color online) Isothermal magnetization of
Co(OH)2−x(Cl)x(H2O)n for x = 0.0, 0.2, 0.3, and 0.4 at 2 K
showing the composition independent saturation magnetization for
x > 0.0. The inflection point in the initial magnetization indicates a
weak field induced transition. Each curve is offset by 2 T for clarity.
transition.
All the compounds studied also show small deviations as
T/|ΘCW| approaches unity on cooling. When plotted accord-
ing to Eqn. 1, positive deflections from the ideal Curie-Weiss
behavior are indicative of compensated interactions; nega-
tive deviations signify uncompensated interactions.11 The all-
octahedral β-Co(OH)2 compound (x = 0) shows compensated
interactions when T/|ΘCW| > 1, attributable to the longer-
range (∝ r−3) interlayer dipolar exchange. This is also ob-
served when the layers become decorated with tetrahedra
(x = 0.2); however, uncompensated interactions emerge when
x > 0.2. This crossover is reflected in ΘCW, which is posi-
tive (ferromagnetic) for x ≤ 0.2, and negative (antiferromag-
netic) as x > 0.2. As x increases above x = 0.2, |ΘCW| de-
creases below Tc (Table I), suggesting a decrease in the in-
teraction strength. From a mean-field perspective, we inter-
pret this observation to indicate that the dominant interac-
tion switches from intralayer ferromagnetic coupling when
x ≤ 0.2, as found in all-octahedrally coordinated cobalt(II)
compounds,12 to antiferromagnetic interactions between dis-
tinct polyhedra.
The isothermal magnetization (2 K, Fig. 5) of x = 0
is indicative of antiferromagnetic order with a spin-flop
transition.6,12 The hysteresis loops open when x > 0 with a
composition independent saturation magnetization at 1.1-1.2
µB mol−1 Co (Obs. Msat in Table II). This independence con-
tradicts previous studies13,14 on similar structure types where
the Ne´el sublattices were assigned to different coordination
polyhedral (Cooct vs Cotet). Therefore, the expected magneti-
zation is equal to 3/2(Cooct sites - Cotet sites). With that spin
arrangement, one calcualtes a composition dependent magne-
tization (Table II, Ne´el Msat ).
4TABLE II: Expected saturation magnetization assuming a two-
sublattice Ne´el model, saturation magnetization for an explicit treat-
ment of the local structure,5 and the observed magnetization (2 K, 5
T) for each compound (x = 0.0,0.2,0.3,0.4). Summary of the mag-
netic heat capacity measurements: lost entropy and temperature ex-
ponent at T  Tc.
Ne´el Local Obs. Heat capacity
Msat Msat Msat ∆Smag β
x (µB mol−1 Co) (J mol−1 K−1) (Tβ)
0.0 n/a n/a 2.3±0.02 5.2±0.1 2.0
0.2 0.9 1.14±0.07 1.2±0.02 3.7±0.1 1.9
0.3 0.6 1.14±0.07 1.1±0.02 3.6±0.1 2.0
0.4 0.3 1.13±0.07 1.1±0.02 3.4±0.1 2.3
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FIG. 6: (Color online) Specific heat capacity measured at low tem-
perature and zero applied field of Co(OH)2−x(Cl)x(H2O)n for x =
(a) 0.2, (b) 0.3, and (c) 0.4 and the non-magnetic analogs Mg(OH)2
and Zn(OH)1.6Cl0.4H2O, after accounting for the differing oscillator
masses of the non-magnetic compounds.
B. Low Temperature Heat Capacity
Further elucidation of the temperature dependent mag-
netism is provided with the magnetic specific heat for
each compound, determined using non-magnetic analogs,
Mg(OH)2 for x = 0 and Zn(OH)1.6(Cl)0.4(H2O)0.2 for x > 0,
to subtract contributions from the lattice. To account for the
different oscillator masses of the non-magnetic analogs, their
temperature axes were scaled by a ratio of the calculated De-
bye temperatures (ΘD) as demonstrated in Ref. 15. The tem-
perature axis of the non-magnetic analog was divided by the
ratio Θnon−magD /Θ
magnetic
D . The magnetic contribution to the
specific heat capacity is then obtained from the algebraic sub-
traction of the host (non-magnetic) compound from the exper-
imentally measured specific heat capacity, both illustrated in
Fig. 6.
The low temperature exponents (T β, Table II) resemble
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FIG. 7: (Color online) (a) Temperature normalized magnetic heat
capacity [(Cp − Clattice)/T ] as a function of temperature indicating
a broad hump centered around Tc for all compounds. (b) Entropy
release through the magnetic ordering transition illustrating the re-
mainder of spin disorder down to 2 K and large entropy losses above
the magnetic transition temperature.
those of two-dimensional magnetic systems, indicating weak
interlayer coupling.16 There is a significant fraction of entropy
lost above Tc, corollary to the observation of short-range spin
interactions above the ordering temperature from the Curie-
Weiss analysis (Fig. 4). The total entropy lost through the
transition is only 25% of the expected value for full ordering
of a S = 3/2 system [∆S = R ln(2S+1)] for x > 0 (Fig. 7, Ta-
ble II). Thus, spin disorder persists even at 2 K. Using neutron
diffraction, we identify any periodic magnetic order.
C. Neutron Diffraction
Magnetic Bragg scattering from time-of-flight neutron
powder diffraction of Co(OD)1.6(Cl)0.4(D2O)0.3 (x = 0.4;
Fig. 8) indicates a Ne´el antiferromagnetic structure. The aver-
age magnetic structure, illustrated in Fig. 9(a), describes a spin
arrangement with in-plane ferromagnetically coupled spins on
octahedral cobalt sites that are antiferromagnetically aligned
to adjoining tetrahedral sites. Each layer is antiferromagnet-
ically coupled, yielding a fully compensated magnetic struc-
ture, inconsistent with the observed behavior.
To arrive at this result, the unit-cell from Ref. 5 was used to
initialize the refinement of the nuclear structure at 300 K using
FULLPROF.17 The refinement was simultaneously carried out
across multiple time-of-flight detector banks (14◦, 40◦, and
90◦) to achieve a broad range of momentum transfer and res-
olution, as shown in Figure 8(a,b). Deuterium positions were
added approximately 1 A˚ from the µ-(OD) positions and in
the interlayer space neighboring the water oxygen position
5FIG. 8: Rietveld refinement of the nuclear and magnetic struc-
tures obtained from time-of-flight neutron powder diffraction from
the HIPD instrument at (a, b) 300 K and (c, d) 6 K for
Co(OD)1.6(Cl)0.4(D2O)0.3 with (a, c) 90◦ and (b, d) 14◦ detec-
tor banks, showing the absence of magnetic reflections at large d-
spacings and a significant contribution of diffuse nuclear scattering
at ∼3 A˚. Expected Bragg planes of the nuclear (black hashes) and
magnetic [red hashes, k= (0, 0, 1.5)] phases are shown above, with
the Rietveld refined profiles (red lines) above the difference curves
(blue lines).
using an equivalent Wyckoff site with twice the occupancy.
Both deuterium positions were allowed to refine, along with
all other atom positions. The in-plane deuterium and oxygen
positions (x, −x, 0.5) are correlated and lead to divergent re-
finements when unconstrained; therefore, their positions were
fixed. The exceptionally high atomic displacement parameters
(ADP) clearly indicate static disorder of the interlayer species
and the deuterium bound to µ-(OD) bridging units. The struc-
tural parameters of the nuclear structure and refinement statis-
tics are summarized in Table III. Significant diffuse scattering
centered around 3 A˚ (d-spacing) is observed at both 300 K
and 6 K and also indicates the presence of a large degree of
static structural disorder, as previously studied.5
The nuclear structure deduced from Rietveld refinement at
300 K was used to initialize the refinement at 6 K. Upon cool-
ing to 6 K, several broad Bragg reflections arise at d = 3.20 A˚,
5.35 A˚, and 16.31 A˚ [Fig. 8(c,d)], corresponding to a magnetic
propagation vector of k= (0, 0, 1.5), commensurate with the
nuclear unit cell [R3¯m, a = 3.136, c = 23.928]. Examina-
tion of the profile backgrounds does not reveal any additional
diffuse scattering at 6 K as evidence for short-range spin cor-
relations.
Using BASIREPS,18 the irreducible representation (IR) of
the Little Group, Gk, was decomposed with two unique mag-
netic atoms (Cooct and Cotet), as summarized in Table IV. The
octahedrally coordinated site decomposes into two IR’s (Γ1
and Γ2). The tetrahedrally coordinated cobalt defines two
unique atoms [Cotet(1), Cotet(2)] in 4 IR’s (Γ1, Γ2, Γ3, and
Γ4). We assume that both cobalt polyhedra belong to the same
TABLE III: Structure parameters of Co(OD)1.6(Cl)0.4(D2O)0.3 ob-
tained from Rietveld refinement of data collected at 300 K from time-
of-flight neutron powder diffraction, showing fractional coordinates
(x,y,z), chemical site occupancies (g), and isotropic atomic displace-
ment parameters (Biso) for a rhombohedral unit cell in a hexagonal
setting, a = 3.14266(7), c = 24.03738(2), R3¯m (166). a
Atom Site x y z g Biso
Co(1) 3a 0 0 0 0.765 0.2(9)
Co(2) 6a 0 0 0.069(5) 0.235 0.2(9)
Cl(1) 6c 0 0 0.172(2) 0.235 5.2(9)
O(1) 6c 1/3 2/3 0.045(1) 1 2.5(7)
O(2) 18h 0.07 0.93 0.5 0.076(5) 1.1(9)
D(1) 6c 1/3 2/3 0.080(3) 1 23(9)
D(2) 18h 0.4 0.6 0.5 0.15(1) 44(9)
a Refinement statistics: 90◦ bank: Rp = 4.1%, Rwp = 5.6%,
χ2 = 4.2; 40◦ bank: Rp = 4.2%, Rwp = 5.8%, χ2 = 2.68; 14◦ bank:
Rp = 3.4%, Rwp = 4.8%, χ2 = 9.1.
IR because of inter-site connectivity and strong exchange in-
teractions.
Of the allowed IR’s, only Γ2 captures the intensity of the
magnetic diffraction peaks. In Γ2, two basis vectors with real
and imaginary components describe the moment contribution
on each site. However, powder and domain averaging pre-
cludes determination of a unique orientation of the basis vec-
tors within the ab plane of a hexagonal unit cell. Therefore,
only the Fourier coefficients (coct, ctet) of the basis vector ψ1
within Γ2 for the Cooct and Cotet sites were allowed to refine.
While the cobalt positions are well-defined but partially oc-
cupied, refinement to the magnetic reflections reveals partial
spin disorder. The basis vector Fourier coefficients indicate
reduced moments of both cobalt sites: 1.2 µB for Cooct, and
1.1 µB for Cotet (Rmag = 14.8%, 14◦ detector bank) .
In studies of dilute anisotropic antiferromagnets, magnetic
Bragg reflections from quasi-elastic neutron scattering ex-
hibit increased Lorenztian width from the nuclear reflections
and reduced scattering intensity with applied fields.3,4,19 In
those random dilute systems, the formation of magnetic mi-
crodomains and the disruption of magnetic long-range order
is driven by local random-field energy.19 While a different ex-
periment here, the magnetic reflections from neutron diffrac-
tion have significantly increased Lorenztian widths and low
diffracted intensities, which also indicate disrupted long-range
order of the magnetic structure. Here, we hypothesize that un-
compensated moments from the local clustering of polyhedra
disrupts the long-range magnetic order into microdomains,
and thus decreases the diffracted intensity and broadens the
reflections.
D. Magnetism from Local Structure
To reconcile ambiguities engendered from fractional occu-
pancy in the unit-cell, we refer to our previous local structure
study of the pair distribution functions of layered cobalt hy-
droxide chlorides,5 depicted in Fig. 1(b-d). We represent the
structure from a distribution of [Cooctn Co
tet
2 ] motifs with a set
6TABLE IV: Basis vectors for the space group R3¯m in a hexag-
onal setting (a = 3.136, c = 23.928) with the propagation vector
k = (0, 0, 1.5). The magnetic representation for the Cooct site,
(0, 0, 0) can be decomposed into the tabulated irreducible repre-
sentations of Gk. The atoms of the nonprimitive basis for Cotet are
defined according to 1: (0, 0, 0.069), 2: (0, 0,−0.069).
BV components
IR BV Atom m‖a m‖b m‖c im‖a im‖b im‖c
Γ1 ψ1 Cooct 0 0 1 0 0 0
Γ2 ψ1 Cooct 1 0 0 −0.58 −1.15 0
ψ2 Cooct 0 1 0 −1.15 −0.58 0
Γ1 ψ1 Cotet(1) 0 0 1 0 0 0
Cotet(2) 0 0 1 0 0 0
Γ2 ψ1 Cotet(1) 1.5 0 0 −0.87 −1.73 0
Cotet(2) 1.5 0 0 −0.87 −1.73 0
ψ2 Cotet(1) 0 1.5 0 −1.73 −0.87 0
Cotet(2) 0 1.5 0 −1.73 −0.87 0
Γ3 ψ1 Cotet(1) 0 0 1 0 0 0
Cotet(2) 0 0 −1 0 0 0
Γ4 ψ1 Cotet(1) 1.5 0 0 −0.87 −1.73 0
Cotet(2) −1.5 0 0 0.87 1.73 0
ψ2 Cotet(1) 0 −1.5 0 1.73 0.87 0
Cotet(2) 0 1.5 0 −1.73 −0.87 0
number of octahedra between tetrahedra. These randomly dis-
tributed motifs serve as the microdomains for describing the
observed magnetic behavior, redrawn in Fig. 9.
Microscopically, [Cooct15 Co
tet
2 ] motifs [Fig. 9(d)] appear as
Ne´el domains, with ferromagnetically coupled octahedral
sites, antiparallel to tetrahedral sites, to yield a net local mo-
ment. In the [Cooct3 Co
tet
2 ] and [Co
oct
8 Co
tet
2 ] domains, illustrated
in Fig. 9(b,c), the edge-sharing octahedral sites are ferromag-
netically coupled within the layer. However, the tetrahedral
sites likely remain disordered, as explained below.
The presence of defect spins, as from tetrahedrally coordi-
nated cobalt sites, often leads to spin disorder. For example,
defect spins placed adjacent to well-ordered ferromagnetic
layers, as seen in (1− x)FeTiO3-xFe2O3 solid solutions,20–22
results in cluster spin glass behavior. Here, the strong mag-
netocrystalline anisotropy of octahedral Co2+ prevents the
canting of spins from the crystal field axes, giving them an
Ising character.23 In the case of high defect concentrations,
such as in [Cooct3 Co
tet
2 ] and [Co
oct
8 Co
tet
2 ] domains, competition
between the dominant ferromagnetically coupled layers and
the magnetocrystalline anisotropy prevents the formation of a
well-ordered ground state. This is supported by the observed
trend in decreasing magnetic entropy release with increasing
Cotet sites (Table II).
While Goodenough-Kanamori-Anderson superexchange
considerations suggest a preference for antiferromagnetic
coupling between distinct polyhedra, this interaction is weak,
as indicated from the sign change and decreasing |ΘCW|/Tc
with increasing x. On average, a small fraction of tetrahe-
dral spins must align antiparallel to the octahedra, as deter-
mined from magnetic neutron diffraction. Disordered tetrahe-
dral spins disrupt the long-range order of interlamellar dipolar
coupling, permitting a low field spin-flop transition. This is
FIG. 9: (Color online) (a) Symmetry allowed spin configuration
of Co(OD)1.6(Cl)0.4(D2O)0.3 at 6 K (dashed line indicates the nu-
clear unit-cell). (b-d) Locally ordered motifs (b) [Cooct3 Co
tet
2 ], (c)
[Cooct8 Co
tet
2 ], and (d) [Co
oct
3 Co
tet
2 ] illustrate possible microscopic spin
configurations compatible with the average magnetic structure and
bulk magnetization. Pink spheres denote Cooct, green Cotet; oxygen
is orange, chlorine yellow, and deuterium is omitted for clarity.
TABLE V: Summary of local atomic phase fractions from Ref. 5.
[Cooct3 Co
tet
2 ] [Co
oct
8 Co
tet
2 ] [Co
oct
15 Co
tet
2 ]
x A B C
0.2 22% 47% 31%
0.3 29% 51% 21%
0.4 36% 49% 15%
observed in the initial magnetization by a change in curvature
in M(H) at ∼0.4 T (Fig. 5). As the field is reversed, neigh-
boring Ne´el ordered Cotet spins from distinct layers couple
via dipolar interactions along the interlayer space, prevent-
ing immediate reversal of the field induced transition. This
gives rise to a remanent magnetization (Fig. 5) and a large
frequency dependent amplitude and phase in χ(ω,T ) (Sup-
plemental Information). While the disparity between the ob-
served magnetization and the fully compensated average Ne´el
antiferromagnetic structure can be reconciled with a spin flop
transition, this cannot account for the nearly composition in-
dependent constant saturation magnetization, Tc, and entropy
release. Therefore, a local analysis of the structure must be
applied to reconcile these differences.
From the polyhedral composition provided by the real-
space analysis,5 we calculate the individual moment contribu-
tions from each local motif with the assumption that all Cooct
are parallel, and dilute Cotet spins (as in [Cooct15 Co
tet
2 ]) are an-
tiparallel to Cooct in a Ne´el configuration [Fig. 9(b-d)]. Letting
A, B, and C represent the atomic phase fractions (Table V)
of the local motifs provided from Ref. 5 for [Cooct3 Co
tet
2 ],
[Cooct8 Co
tet
2 ], [Co
oct
15 Co
tet
2 ], respectively, the summed moment
7from each microdomain is calculated as:
Msat =
3
2
(
3A+8B+(15−2)C
5A+10B+17C
)
(2)
Using Eqn. 2, the locally derived saturation moments for x =
0.2, 0.3, and 0.4 are tabulated in Table II (Local Msat ). We
compute a negligible dependence of Msat on composition with
values comparable to those observed. The agreement of the
observed properties with the assembly of local contributions
reconciles the inaccuracies resulting from the disordered av-
erage structure and microdomain-like magnetic diffraction.
IV. CONCLUSION
While the average symmetry-allowed magnetic structure of
the layered cobalt hydroxides appears as a fully compensated
Ne´el-type antiferromagnet, the magnetic behavior is better ex-
plained by local and randomly distributed intralayer Ne´el fer-
rimagnetic regions that can be aligned with an applied field,
interspersed with disordered defect spins that interrupt com-
pensation of the ferrimagnetic regions from layer to layer. We
present an extreme case in which magnetic site occupancy ex-
hibits no long-range order, yet a long-range ordered magnetic
structure is observed, on average. Analyses using probes of
average structural and magnetic structures are typically in-
terpreted under the assumption that a single unit-cell suffices
to describe systems in their entirety. This assumption breaks
down when there is disorder. We illustrate here that the local
atomic structure offers an alternative structural mechanism for
introducing random fields in a magnetic lattice to yield mi-
crodomain behavior.
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